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Abstract
Modelling of human aging, age-related memory loss, and neurodegenerative diseases has developed into a progressive 
area in invertebrate neuroscience. Gold standard molluscan neuroscience models such as the sea hare (Aplysia californica) 
and the great pond snail (Lymnaea stagnalis) have proven to be attractive alternatives for studying these processes. Until 
now, A. californica has been the workhorse due to the enormous set of publicly available transcriptome and genome data. 
However, with growing sequence data, L. stagnalis has started to catch up with A. californica in this respect. To contribute 
to this and inspire researchers to use molluscan species for modelling normal biological aging and/or neurodegenerative 
diseases, we sequenced the whole transcriptome of the central nervous system of L. stagnalis and screened for the evolution-
ary conserved homolog sequences involved in aging and neurodegenerative/other diseases. Several relevant molecules were 
identified, including for example gelsolin, presenilin, huntingtin, Parkinson disease protein 7/Protein deglycase DJ-1, and 
amyloid precursor protein, thus providing a stable genetic background for L. stagnalis in this field. Our study supports the 
notion that molluscan species are highly suitable for studying molecular, cellular, and circuit mechanisms of the mentioned 
neurophysiological and neuropathological processes.
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Introduction
Neuroscience research has been using molluscan species 
since the 1950s, when neuroscientists such as Nobel Prize 
laurates Alan Hodgkin, Andrew Huxley and Eric Kandel 
recognized how useful they can be in answering fundamen-
tal neurobiological questions. Such attractive and even today 
frequently used molluscan species are the sea hare (A. cali-
fornica) and the great pond snail (L. stagnalis). For a long 
time, they were used for examining the neuronal processes 
from molecular signalling through motor pattern generation 
to behavior, including learning (Crossley et al. 2019; Kan-
del 2001; Kemenes and Benjamin 2009; Kupfermann and 
Kandel 1969; Nikitin et al. 2008; Pirger et al. 2010, 2014a; 
Rivi et al. 2020; Wachtel and Kandel 1967). Their central 
nervous system (CNS) has a relatively simple organization 
with a small number of neurons (~ 10,000 in A. californica 
and ~ 25,000 in L. stagnalis). These colored, mostly large-
sized (~ 50–100 µm) cells are located on the surface of the 
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ganglia, which makes them easily accessible and individu-
ally identifiable. These simpler systems are responsible for 
generating a number of well-defined behaviors (e.g., feed-
ing, locomotion, respiration, learning) generated by similar 
types of reflexive and central pattern generator networks 
that also occur in vertebrates (Benjamin and Kemenes 2020; 
Kemenes and Benjamin 2009; Moroz 2011). Making use 
of this potential, neuroscientists revealed that these species 
use numerous evolutionary conserved signalling pathways 
involved in learning and memory consolidation, providing 
further evidence for the generality of highly conserved neu-
ronal mechanisms across phylogenetic groups (Kandel 2001; 
Rivi et al. 2020).
Since the 2000s, owing to the multi-omics coverage, 
modelling of human aging, age-related memory loss, and 
neurodegenerative diseases has been in vogue as a dynami-
cally developing topic of invertebrate neuroscience. Com-
pared to arthropods or nematodes, molluscan species seem 
to be more attractive for investigating these biological pro-
cesses. This can be attributed to the presented benefits of 
their CNS and the slower rate of gene evolution in molluscan 
lineage resulting the presence of more gene homologs asso-
ciated with human aging and (neurodegenerative) diseases 
in these species (Moroz 2009; Moroz et al. 2006; Moroz 
and Kohn 2010; Walters and Moroz 2009). Although L. 
stagnalis has already been used successfully for modelling 
aging, Parkinson’s and Alzheimer’s diseases (Arundell et al. 
2006; de Weerd et al. 2017; Ford et al. 2017; Hermann et al. 
2007, 2020; Maasz et al. 2017; Patel et al. 2006; Pirger et al. 
2014b; Scutt et al. 2015; Vehovszky et al. 2007; Yeoman and 
Faragher 2001; Yeoman et al. 2008), due to the enormous 
set of publicly available transcriptome and genome data A. 
californica was the prevalent model of this field (Choi et al. 
2014; Moroz 2011; Moroz et al. 2006; Moroz and Kohn 
2010; Shemesh and Spira 2010a, b). For example, an ear-
lier comparative analysis in A. californica yielded several 
homologs to human genes linked to aging and neurodegener-
ative/other diseases, opening the way for further and deeper 
investigations (Moroz et al. 2006).
Nowadays, L. stagnalis is approaching A. californica also 
in this respect, since more transcriptome datasets (Davison 
and Blaxter 2005; Feng et al. 2009; Sadamoto et al. 2012) 
and an unannotated draft genome have already been made 
available. Furthermore, a collaborative effort is underway to 
produce an annotated genome (L. stagnalis genome sequenc-
ing consortium; main partners: M-A Coutellec, Rennes, FR; 
C Klopp, Génotoul Toulouse FR; A Davison, Nottingham 
UK; ZP Feng, Toronto CA; JM Koene, Amsterdam, NL; D 
Jackson, Göttingen, DE). In this study, we have sequenced 
the whole transcriptome of the CNS of L. stagnalis and 
screened for evolutionarily conserved sequences involved 
in human aging, age-related memory loss, and neurode-
generative/other diseases. Our analysis has yielded a high 
number of conserved molecules providing a firm foundation 
for using L. stagnalis in this field.
Experimental animals, nucleotide 
sequencing, and bioinformatics
For this study, mature specimens of L. stagnalis were 
obtained from our laboratory-bred stocks (originating from 
the Amsterdam mass culture). Snails were kept in large hold-
ing tanks (100 individuals/tank) containing 10 L oxygenated 
artificial snail water with low copper content at a constant 
temperature of 20 °C (± 1.5 °C) on light:dark regime of 
12 h:12 h. Specimens were fed on lettuce ad libitum three 
times a week. All animals used in the experiment originated 
from the same breeding cohort and were thus all of the same 
age (5 months old, mature snails). All procedures were per-
formed according to the protocols approved by the Scientific 
Committee of Animal Experimentation of the Balaton Lim-
nological Institute (VE-I-001/01890-10/2013).
RNA preparation, nucleotide sequencing, and sequence 
assembly have been performed as reported previously 
(Fodor et al. 2020); details are presented in the Supplemen-
tary information. For verification and sequence correction, 
the findings were compared with virtual cDNA sequences 
extracted from the unannotated genomic data (generated by 
Illumina sequencing) to which we have access as part of 
the L. stagnalis genome consortium (genome publication 
in preparation). The identified sequences were submitted to 
the NCBI Nucleotide database. Conserved domain search 
using NCBI CDD/SPARCLE was performed to check if the 
key regions are present in the deduced protein sequences.
Results
Our screening resulted in a high number of evolutionary 
conserved sequences in L. stagnalis involved in human 
aging, age-related memory loss, and neurodegenerative/
other diseases (Table 1, for sequence data see Supplemen-
tary Figure 1).
The characteristic motifs of relevant human homologous 
sequences could be identified in all of our findings, for exam-
ple the ADF domains, the Carn_acetyltrans domain, and 
the DUF3652 domain for gelsolin, ChAT, and huntingtin, 
respectively (Supplementary Figure 2). Primarily, we found 
several aging (klotho, major vault 1, gelsolin, huntingtin, 
and fragile X mental retardation protein) and Alzheimer’s 
disease (ADAM10, apoE receptor, ChAT, APP, and PSEN1; 
most of these are also involved in aging) related sequences.
These findings can add valuable molecular information 
to the earlier mentioned studies utilizing L. stagnalis for 
modelling aging (e.g., Hermann et al. 2020) and Alzheimer’s 
Invertebrate Neuroscience            (2020) 20:9  
1 3
Page 3 of 5     9 
disease (Ford et al. 2017). Furthermore, since all of these 
molecules are present also in A. californica (Moroz et al. 
2006; Moroz and Kohn 2010; for sequence comparison see 
Supplementary Figure 3), our findings support the concept 
that molluscs provide a solid genetic background for this 
kind of modelling. Beside the potential of modelling Alz-
heimer’s disease, previous studies have demonstrated that 
in vivo L. stagnalis parkinsonian models can mimic several 
etiological properties of Parkinson’s disease (Maasz et al. 
2017; Vehovszky et al. 2007). Moreover, we identified, 
for the first time in molluscs, the presence of PARK7/DJ-1 
protein in L. stagnalis and demonstrated that it may have a 
conserved neuroprotective function (Maasz et al. 2017). The 
sequence information for PARK7/DJ-1 also has been pro-
vided in this study paving the way for further investigations. 
Finally, some further disease-relevant genes, such as notch 
3 receptor, KCNQ2, ALDH3A2, ATP7B, and UBE3A were 
also identified; all of these also are present in A. californica.
Discussion
Modelling of human aging and diseases requires a high 
level of conservation among many genetic processes 
known to be lost in the particularly derived genome of 
Drosophila melanogaster and Caenorrhabditis elegans. 
Furthermore, the long-term investigation of age-related 
mechanisms is difficult in these species which have 
extremely short lifecycles. However, the life expectancy 
of A. californica and L. stagnalis is about 1 year varying 
under different raising conditions (Heyland and Moroz 
2006; Nakadera et al. 2015), allowing the following of 
aging-related processes on a larger scale.
Based on our findings, just like A. californica, L. stag-
nalis also possesses a high number of evolutionary con-
served homolog molecules involved in human biological 
aging and neurodegenerative/other diseases. The appropri-
ate genetic background, the advantages of simpler CNS, 
and the relative long lifespan with a well-characterized 
life cycle make L. stagnalis highly suitable for studying 
molecular, cellular, and circuit mechanisms of aging, 
age-related memory loss, and neurodegenerative/other 
diseases. The innovation of CRISPR/Cas9-mediated 
genome editing approach in molluscan research, allow-
ing the genetic modification of identified key sequences, 
further supports the high feasibility of this approach (Abe 
and Kuroda 2019; Perry and Henry 2015).
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Table 1  Identified L. stagnalis homologs with NCBI accession numbers to genes involved in human aging, aging-related memory loss, and neu-
rodegenerative/other diseases
Normal and pathological functions of these molecules in higher organisms are presented in detail in Supplementary Table 1
L. stagnalis findings to genes linked to human aging/disease-related genes Condition resulted by dysfunction 
in human
Accession number
Klotho Aging MT153186
Major vault 1 Aging MT153187
Gelsolin Aging, amyloidosis MT153188
Huntingtin Aging, huntington’s disease MT153189
Fragile X mental retardation protein Aging, fragile X syndrome MT153190
Parkinson disease protein 7/protein deglycase DJ-1 (PARK7/DJ-1) Parkinson’s disease MT153192
α-secretase (ADAM10) Alzheimer’s disease MT153191
Apolipoprotein E (apoE) receptor Alzheimer’s disease MT137053
Choline acetyltransferase (ChAT) Alzheimer’s disease MT153193
Amyloid precursor protein (APP) Alzheimer’s disease MT153194
Presenilin 1 (PSEN1) Alzheimer’s disease MT153195
Notch receptor 3 Cerebral arteriopathy MT153197
Potassium voltage-gated channel subfamily KQT member 2 isoform e (KCNQ2) Epilepsy MT153198
Aldehyde dehydrogenase family 3 member A2 isoform 2 (ALDH3A2) Sjörger-Larsson syndrome MT153199
Copper-transporting ATPase 2 isoform a (ATP7B) Wilson disease MT153200
Ubiquitin-protein ligase E3A (UBE3A) Angelman syndrome MT153201
 Invertebrate Neuroscience            (2020) 20:9 
1 3
   9  Page 4 of 5
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Abe M, Kuroda R (2019) The development of CRISPR for a mollusc 
establishes the formin Lsdia1 as the long-sought gene for snail 
dextral/sinistral coiling. Development. https ://doi.org/10.1242/
dev.17597 6
Arundell M, Patel BA, Straub V, Allen MC, Jance C, O’ Hare D et al 
(2006) Effects of age on feeding behavior and chemosensory pro-
cessing in the pond snail, Lymnaea stagnalis. Neurobiol Aging 
27:1880–1891
Benjamin PR, Kemenes I (2020) Peptidergic systems in the pond snail 
Lymnaea: from genes to hormones and behavior (Chapter 7). In: 
Saleuddin S, Lange AB, Orchard I (eds) Advances in invertebrate 
(neuro) endocrinology, vol 1. Apple Academic Press
Choi Y-B, Beena MK, Liu X-A, Komolitdin A, Kandel ER, Sathyanaray-
anan VP (2014) Huntingtin is critical both pre- and post-synaptically 
for long-term learning-related synaptic plasticity in Aplysia. PLoS 
ONE 9(7):e103004
Crossley M, Lorenzetti FD, Naskar S, O’Shea M, Kemenes G, Benjamin 
PR et al (2019) Proactive and retroactive interference with associa-
tive memory consolidation in the snail Lymnaea is time and circuit 
dependent. Commun Biol 2:242
Davison A, Blaxter ML (2005) An expressed sequence tag survey of gene 
expression in the pond snail Lymnaea stagnalis, an intermediate 
vector of trematodes. Parasitology 130(Pt 5):539–552
de Weerd L, Hermann PM, Wildering WC (2017) Linking the ‘why’ and 
‘how’ of ageing: evidence for somatotropic control of long-term 
memory function in the pond snail Lymnaea stagnalis. J Exp Biol 
220(Pt 22):4088–4094
Feng ZP, Zhang Z, van Kesteren RE, Straub VA, van Nierop P, Jin K et al 
(2009) Transcriptome analysis of the central nervous system of the 
mollusc Lymnaea stagnalis. BMC Genom 10:451
Fodor I, Zrinyi Z, Urban P, Herczeg R, Buki G, Koene JM et al (2020) 
Identification, presence, and possible multifunctional regulatory role 
of invertebrate gonadotropin-releasing hormone/corazonin molecule 
in the great pond snail (Lymnaea stagnalis). BioRxiv. https ://doi.
org/10.1101/2020.03.01.97169 7
Ford L, Crossley M, Vadukul DM, Kemenes G, Serpell LC (2017) 
Structure-dependent effects of amyloid-beta on long-term memory 
in Lymnaea stagnalis. FEBS Lett 591(9):1236–1246
Hermann PM, Lee A, Hulliger S, Minvielle M, Ma B, Wildering WC 
(2007) Impairment of long-term associative memory in aging snails 
(Lymnaea stagnalis). Behav Neurosci 121(6):1400–1414
Hermann PM, Perry AC, Hamad I, Wildering WC (2020) Physiological 
and pharmacological characterization of a molluscan neuronal efflux 
transporter; evidence for age-related transporter impairment. J Exp 
Biol. https ://doi.org/10.1242/jeb.21378 5
Heyland A, Moroz LL (2006) Signaling mechanisms underlying meta-
morphic transitions in animals. Integr Comp Biol 46(6):743–759
Kandel ER (2001) The molecular biology of memory storage: a dialogue 
between genes and synapses. Science 294(5544):1030–1038
Kemenes G, Benjamin PR (2009) Lymnaea. Curr Biol 19(1):R9–R11
Kupfermann I, Kandel ER (1969) Neuronal controls of a behavioral 
response mediated by the abdominal ganglion of Aplysia. Science 
164(3881):847–850
Maasz G, Zrinyi Z, Reglodi D, Petrovics D, Rivnyak A, Kiss T et al 
(2017) Pituitary adenylate cyclase-activating polypeptide (PACAP) 
has a neuroprotective function in dopamine-based neurodegen-
eration in rat and snail parkinsonian models. Dis Models Mech 
10(2):127–139
Moroz LL (2009) On the independent origins of complex brains and 
neurons. Brain Behav Evol 74(3):177–190
Moroz LL (2011) Aplysia. Curr Biol 21(2):R60–R61
Moroz LL, Kohn AB (2010) Do different neurons age differently? 
Direct genome-wide analysis of aging in single identified cholin-
ergic neurons. Front Aging Neurosci. https ://doi.org/10.3389/neuro 
.24.006.2010
Moroz LL, Edwards JR, Puthanveettil SV, Kohn AB, Ha T, Heyland A 
et al (2006) Neuronal transcriptome of Aplysia: neuronal compart-
ments and circuitry. Cell 127(7):1453–1467
Nakadera Y, Swart EM, Maas JP, Montagne-Wajer K, Ter Maat A, Koene 
JM (2015) Effects of age, size, and mating history on sex role deci-
sion of a simultaneous hermaphrodite. Behav Ecol 26(1):232–241
Nikitin ES, Vavoulis DV, Kemenes I, Marra V, Pirger Z, Michel M et al 
(2008) Persistent sodium current is a nonsynaptic substrate for long-
term associative memory. Curr Biol 18(16):1221–1226
Patel BA, Arundell M, Allen MC, Gard P, O’Hare D, Parker K et al 
(2006) Changes in the properties of the modulatory cerebral giant 
cells contribute to aging in the feeding system of Lymnaea. Neuro-
biol Aging 27:1892–1901
Perry KJ, Henry JQ (2015) CRISPR/Cas9-mediated genome modification 
in the mollusc, Crepidula fornicata. Genesis 53(2):237–244
Pirger Z, Laszlo Z, Kemenes I, Toth G, Reglodi D, Kemenes G (2010) 
A homolog of the vertebrate pituitary adenylate cyclase-activat-
ing polypeptide is both necessary and instructive for the rapid 
formation of associative memory in an invertebrate. J Neurosci 
30(41):13766–13773
Pirger Z, Crossley M, Laszlo Z, Naskar S, Kemenes G, O’Shea M et al 
(2014a) Interneuronal mechanism for Tinbergen’s hierarchical 
model of behavioral choice. Curr Biol 24(18):2215
Pirger Z, Naskar S, Laszlo Z, Kemenes G, Reglodi D, Kemenes I 
(2014b) Reversal of age-related learning deficiency by the verte-
brate PACAP and IGF-1 in a novel invertebrate model of aging: the 
pond snail (Lymnaea stagnalis). J Gerontol Ser A—Biol Sci Med 
Sci 69(11):1331–1338
Rivi V, Benatti C, Colliva C, Radighieri G, Brunello N, Tascedda F et al 
(2020) Lymnaea stagnalis as model for translational neuroscience 
research: from pond to bench. Neurosci Biobehav Rev 108:602–616
Sadamoto H, Takahashi H, Okada T, Kenmoku H, Toyota M, Asakawa 
Y (2012) De novo sequencing and transcriptome analysis of the 
central nervous system of mollusc Lymnaea stagnalis by deep RNA 
sequencing. PLoS ONE 7(8):e42546
Scutt G, Allen M, Kemenes G, Yeoman M (2015) A switch in the mode 
of the sodium/calcium exchanger underlies an age-related increase 
in the slow afterhyperpolarization. Neurobiol Aging 36:2838–2849
Shemesh OA, Spira ME (2010a) Hallmark cellular pathology of Alzhei-
mer’s disease induced by mutant human tau expression in cultured 
Aplysia neurons. Acta Neuropathol 120(2):209–222
Shemesh OA, Spira ME (2010b) Paclitaxel induces axonal microtubules 
polar reconfiguration and impaired organelle transport: implications 
for the pathogenesis of paclitaxel-induced polyneuropathy. Acta 
Neuropathol 119(2):235–248
Vehovszky A, Szabo H, Hiripi L, Elliott CJ, Hernadi L (2007) Behav-
ioural and neural deficits induced by rotenone in the pond snail 
Lymnaea stagnalis. A possible model for Parkinson’s disease in an 
invertebrate. Eur J Neurosci 25(7):2123–2130
Wachtel H, Kandel ER (1967) A direct synaptic connection mediating 
both excitation and inhibition. Science 158(3805):1206–1208
Invertebrate Neuroscience            (2020) 20:9  
1 3
Page 5 of 5     9 
Walters ET, Moroz LL (2009) Molluscan memory of injury: evolutionary 
insights into chronic pain and neurological disorders. Brain Behav 
Evol 74(3):206–218
Yeoman MS, Faragher RGA (2001) Ageing and the nervous system: 
insights from studies on invertebrates. Biogerontology 2:85–97
Yeoman MS, Patel BA, Arundell M, Parker K, O’Hare D (2008) Synapse-
specific changes in serotonin signalling contribute to age-related 
changes in the feeding behaviour of the pond snail, Lymnaea. J Neu-
rochem 106(4):1699–1709
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
